The C-repeat binding factors (CBFs), also termed dehydration-responsive element-binding protein 1 (DREB1) family members, play crucial roles in the acquisition of stress tolerance, but in trees, the underlying mechanisms of stress tolerance remain elusive. To gain insight into these mechanisms, we isolated five CBF1 orthologs from four poplar sections (Populus spp.) and assessed their expression under drought, cold, heat and salt stress conditions. Globally induced expression in response to cold suggested a correlation between poplar CBF1 expression and the acquisition of cold tolerance. Responses that varied between sections may reflect section-specific stress tolerance mechanisms, suggesting an effect of ecological context on the development of CBF1-mediated stress tolerance in poplar. We then used a genome-wide search strategy in Populus trichocarpa to predict 2263 putative CBF target genes; the identified genes participate in multiple biological processes and pathways. Almost all of the putative target genes contained multiple cis-acting elements that mediate responses to various environmental and endogenous signals, consistent with an important role of CBF1s in an integrated cold regulatory network. Finally, analysis of an association population of 528 individuals of Populus simonii identified six single-nucleotide polymorphisms (false discovery rate Q < 0.10) significantly (P < 0.005) associated with malondialdehyde production and electrolyte leakage, suggesting the potential importance of PsCBF1 in the regulation of some membrane-related functions. Our findings provide new insights into the function of PsCBF1 and shed light on the CBF-mediated regulatory network in poplar.
Introduction
Transcription factors (TFs) have important functions in stress responses and tolerance. They specifically bind to cis-elements in the promoter regions of target genes and regulate gene expression (Nakashima et al. 2009 ). In Arabidopsis thaliana, the C-repeat (CRT) binding factors (CBFs), also known as dehydration responsive element (DRE) binding protein 1 (DREB1) family members (Nakano et al. 2006) , contain a conserved AP2 domain and specifically bind to the DRE/CRT promoter element of target genes, regulating their expression and thus enhancing plant tolerance to low temperature, drought and salt stresses (Liu et al. 1998 , Sakuma et al. 2002 , Shinozaki et al. 2003 .
Three CBF members, namely CBF1, CBF2 and CBF3, were first isolated from A. thaliana (Stockinger et al. 1997) . Their expression increases under cold conditions and induces the expression of cold-responsive genes , Jaglo-Ottosen et al. 1998 .
Previous reports indicated that cold-responsive expression of CBF1 was conserved between herbaceous Arabidopsis and perennial woody trees, such as poplar and birch (Benedict et al. 2006, Welling and Palva 2008) . However, perennial woody plants, such as poplar, encounter various kinds of abiotic stresses throughout their lifespan and most of these stresses occur in different combinations. Moreover, such stresses likely vary with the ecological background of the poplar species. Consequently, it is of interest to examine the pattern of CBF1 expression under various abiotic stresses and the relationship with ecological background.
Previous studies have identified potential CBF targets in poplar species. Benedict et al. (2006) identified 16 genes that contained the DRE-motif among 63 cold-regulated genes, identified in leaf and stem samples of poplar plants after 7 days of cold acclimation at 2°C. Maestrini et al. (2009) identified 44 genes that contain the DRE/LTRE elements in orthologous genes of Populus trichocarpa among 162 white poplar (Populus alba) cDNAs extracted from plants after 6 and 48 h of cold exposure at 4°C. These were targeted studies; however, to date a genome-wide identification of putative CBF target genes has not been reported. In addition, physiological observations and expression analysis support the role of CBFs as integrators of cold acclimation and processes such as photosynthesis and hormone signaling (Maestrini et al. 2009 ), but the underlying molecular mechanism is still unclear.
Elucidation of the relationships between the stress-responsive TFs and stress tolerance-related physiological traits will help us understand the molecular mechanism underlying stress tolerance. Association studies provide a tool to dissect complex traits (Brown et al. 2003 , Neale and Savolainen 2004 , GonzalezMartinez et al. 2007 ). Taking advantage of genomic resources available for Populus species, we used single-nucleotide polymorphism (SNP)-based association analysis to detect allelic variants of PsCBF1 that have significant association with variation in tolerance-related physiological traits measured under cold conditions in Populus simonii.
We hypothesize (i) there will be positive correlation between transcript abundances of CBF1 orthologs related to different ecological backgrounds and adaptive tolerance of five distinct poplar species under stresses; (ii) target genes of poplar CBF1s will be involved in multiple regulatory pathways in addition to the CBF response pathway to optimize plant survival under cold; and (iii) allelic SNP loci in PsCBF1 will associate with changes of some different physiological traits from those associated with other CBF members. To test these hypotheses, we examine the variation in transcript abundance patterns of five different Populus species CBF1 orthologs under four distinct abiotic stress conditions; we also used a genome-wide search strategy to predict putative target genes of CBFs in P. trichocarpa; finally, we assessed physiological significance of PsCBF1 by a candidate gene-based association mapping approach. Our results might provide insight on the molecular and physiological significance of poplar CBF1 in cold response pathways and shed light on the integrated cold regulatory network in woody trees.
Materials and methods

Association materials
For association mapping, an association population of P. simonii, consisting of 528 unrelated individuals, was used. These individuals represent an extensive genetic background and a range-wide geographic distribution (see Table S1 available as Supplementary Data at Tree Physiology Online). Also, their genetic diversity and population structure have been assessed using microsatellite markers by Wei et al. (2013) .
For abiotic stress treatments, 1-year-old pot-grown rooted cuttings of five Poplar species were used. These belong to four poplar sections: P. euphratica from the Turanga section, P. deltoides from the Aigeiros section, P. szechuanica var. Tibetica and P. simonii from the Tacamahaca section, and P. tomentosa from the Leuce section. These species are widely used to control land desertification and represent priority species for bioenergy feedstocks because of their vigorous growth, extensive stress tolerance, and ease of propagation in China.
The members of both the association population and those for abiotic stress treatment were obtained by propagation of twig cuttings and they were maintained in an air-conditioned greenhouse, as described in detail by Li et al. (2015b) . Plants were watered regularly, three times a week. The clones were kept at a constant temperature of 25 ± 1°C and a relative humidity of 50-55%, with a 12 h light/12 h dark cycle at a light intensity of 1250 μmol m −2 s −2 .
Isolation of CBF1 cDNAs from five poplar species
Total RNA was isolated from leaf tissue of 1-year-old plants of the five Poplar species, using an RNeasy Plant Mini Kit (Autolabtech, Beijing, China). RNA integrity was verified on an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). The cDNA was synthesized from total RNA using a Reverse Transcription System (Promega) following the manufacturer's instructions. To isolate poplar CBF1 members, we constructed a cDNA library from P. simonii and identified a set of cDNA sequences encoding predicted functional AP2 domains. We compared these sequences with all available Arabidopsis CBF/DREB sequences, and isolated a cDNA sequence that had the highest predicted amino acid sequence identity (50.86%) with Arabidopsis CBF1. We then compared this sequence with other characterized functional CBF sequences from poplar varieties, and found it had the highest amino acid sequence identity (99%) to Populus nigra DREB69, which has been identified as cold-inducible by Chu et al. (2014) . Based on this, it was named PsCBF1. We then designed primer pairs (see Table S2 available as Supplementary Data at Tree Physiology Online) based on the PsCBF1 cDNA sequence and used them to amplify CBF1 cDNAs from the other four Poplar species by reverse transcription (RT)-PCR. The following program was used for PCR: 95°C for 3 min, 30 cycles of 95°C for 30 s, 56°C for 20 s and 72°C for 20 s. All PCR products were checked by electrophoresis and purified by gel extraction, then cloned into the pMD18T vector (Takara Biotech, Dalian, China), and finally transformed into Escherichia coli DH5α cells. To obtain a consensus sequence, PCR products derived from three independent positive clones were sequenced (TsingKe, Beijing, China).
Sequence characterization of DREB/CBFs and phylogenetic analysis
Amino acid sequences were deduced from the cDNA sequences of Populus CBF1s. We used the ProtParam Tool of ExPASy (http://www.expasy.org/tools/protparam.html) to assess protein molecular weight, theoretical isoelectric point (pI), and the grand average of hydropathicity index (GRAVY). Overall 56 CBF family members from Populus and other crop species were used to construct the phylogenetic tree. Arabidopsis DREB/CBF amino acid sequences were obtained from the Arabidopsis Information Resource (TAIR) (Lamesch et al. 2012) , and rice sequences were obtained from the rice annotation project database (RAP-DB) (http://rapdb.dna.affrc.go.jp/). The remaining DREB/CBF sequences were obtained from the NCBI database (http://www. ncbi.nlm.nih.gov/). Sequence alignments and phylogenetic tree construction were conducted as described by Li et al. (2015b) .
Abiotic stress treatments
To examine interspecific differences in expression pattern of CBF1s under abiotic stress conditions, 1-year-old rootedcuttings mentioned above were generated from five poplar species. They were treated with four abiotic stresses: for drought (D) stress, the soil water content was kept at 0.65 g H 2 O 2 g −1 dry soil within a week. Three degrees of soil moisture were tested by withholding water until the soil water content dropped to 30, 20 and 10% of the original water content. Pot weight was precisely adjusted by weighing and watering each individual pot at a certain point every day. For heat (H) stress, plants were exposed to heat (42°C) for 3, 6 and 24 h. For cold (C) stress, plants were exposed to cold (4°C) for 3, 6 and 24 h. For salt (S) stress, plants were watered with high salinity of 200 mM NaCl for 3, 6 and 24 h; after that, the roots of salt-treated plants were gently washed with distilled water, and these plants were transferred to different pots that contained the same NaCl-free potting mix as before treatment. All treated plants with four abiotic stresses were then kept in the greenhouse for a 24-h recovery; the recovered samples for each stress (D, H, C and S) were denoted as Re-D, Re-H, Re-C and Re-S, respectively. Methods for stress treatment and controls were described in detail by Li et al. (2015b) . For each treatment, three independent clones were used. The top fourth to sixth leaves on the stem of the plant were harvested at the given time points and immediately frozen in liquid nitrogen until use. The statistical significance of differences in transcript abundance of CBF1s between the treated and control samples was tested using analysis of variance (ANOVA).
Analysis of transcript abundance of poplar CBF1s by quantitative PCR
To quantify mRNA abundance for Populus CBF1s under abiotic stress conditions, total RNA was isolated from leaf samples described above and cDNA synthesis was performed, as described above. Quantitative real-time PCR (qPCR) was performed using SYBR green-based assays (Applied Biosystems, Foster City, CA) on an ABI Prism 7500 Fast Realtime PCR System (Applied Biosystems), according to standard protocols. Each PCR was repeated at least three times. The poplar UBIQUITIN gene was used as the internal control, because it has been shown to have stable expression under multiple abiotic stresses (cold, heat, drought and salt stresses) (Song et al. 2012 (Song et al. , 2013 . A selected primer pair was used for CBF1s because it was specific for CBF1 member in all five poplar species used in this study. Primer pairs for CBF1s and UBIQUITIN showed similar efficiencies across species (97.3-102.6%). The sequence and the efficiency of the primer pairs in the five different species are given in Table S2 available as Supplementary Data at Tree Physiology Online. The relative expression levels were calculated using the 2 −ΔΔCT method.
Identification of putative targets of CBF1s in poplar
Previous studies indicated that a 9-bp DREDR1ATRD29AB element, TACCGACAT, also referred to as dehydrationresponsive element (DRE), was found in the promoter regions of many drought, low-temperature and high-salt stress responsive genes in Arabidopsis (Yamaguchi- Shinozaki 1994, Thomashow 1999) . The DREDR1ATRD29AB contains the core CRT element (CCGAC), which plays an important role in regulating gene expression in response to low temperature, water deficit and high salinity. Arabidopsis CBF1 (DREB1B) binds to the CRT/DRE (DREDR1ATRD29AB) element in the promoter region of cold-regulated (COR) genes and CBF1 overexpression induces COR genes and enhances freezing tolerance (Stockinger et al. 1997 ). This element was also found in promoters of dehydrin genes identified in dozens of plant genomes, including herbaceous plants such as rice, turnip mustard and cucumber and trees such as apple, peach and poplar (Muthamilarasan et al. 2016 ). Thus, we identified genes that contain the DREDR1ATRD29AB cis-acting element as putative targets of CBF1s. We first used an in-house Python script to extract the 2-kb promoter region sequence preceding the predicted transcription start site of each annotated transcription unit in P. trichocarpa genome databases, downloaded from Phytozome V3.0 (http://www.phytozome.com/). For those units lacking 5′-untranslated regions (UTRs), we extracted sequences preceding the predicted translation start sites. We then predicted promoter cis-acting elements using Plant Promoter Analysis Navigator (PlantPAN; http://PlantPAN2.itps.ncku.edu.tw) (Chang et al. 2008 ).
Annotation of putative target genes
All putative target genes identified were subjected to AgriGO database analysis (http://bioinfo.cau.edu.cn/agriGO/) (Du et al. 2010) . Gene ontology (GO) analysis was performed for functional categorization, based on the P. trichocarpa v3.0 annotation. Pathways were analyzed using the KEGG Pathway Database (http://www.genome.jp/kegg/pathway.html) (Kanehisa et al. 2012) .
Stress-responsive expression of ten selected putative targets of PsCBF1
To confirm the validation of these putative target genes and assess their stress-responsive expression, we selected 10 putative target genes involved in different biological processes, termed PsT1-PsT10, and examined their transcript abundance in response to drought, heat, cold and salt treatments. Specific primer pairs (see Table S2 available as Supplementary Data at Tree Physiology Online) were designed based on the corresponding gene sequences in P. trichocarpa obtained from Phytozome V3.0. We then used these primers to conduct RTqPCR in P. simonii cDNA samples extracted from leaves treated with D, H, C and S stresses, as described above. Analysis of variance was used to determine the significance in transcript levels of ten targets between the treated and control samples using one-way ANOVA. Duncan's multiple-range test for comparing means was used to determine significant differences between pairwise comparisons. Data were analyzed using SPSS 17.0 software and P < 0.05 was considered to be significant.
Measurement of physiological and biochemical data
Ten physiological traits were evaluated across the 528 unrelated individuals, including contents of chlorophyll A, chlorophyll B and carotenoid, malondialdehyde (MDA) content, proline (PRO) contents, superoxide contents and activities of catalase (CAT), phenylalanine ammonia lyase (PAL) and peroxidase (POD), as well as electrolyte leakage. Prior to measurement, 528 one-year-old individuals were exposed to cold stress at 4°C for 48 h in an artificial climate chamber at a relative humidity of 50-55% with a 12 h light/12 h dark cycle at a light intensity of 1250 μmol m −2 s −2 . The top fourth to sixth leaves on the stem of the treated samples were collected at the given time points, immediately frozen in liquid nitrogen, and stored at −80°C until use. Measurements were repeated at least three times using three biologically independent clones of approximately the same size and height. Measurement methods for these ten physiological and biochemical traits were described in detail by Li et al. (2015b) .
DNA isolation, SNP discovery and genotyping
Total DNA was isolated from leaves from the association population of 528 individuals, using the DNeasy Plant Mini Kit (Qiagen, Beijing, China). Prior to SNP genotyping, a representative set of DNA samples extracted from 35 unrelated individuals of the association population were used to discover SNPs. These individuals included 11 from the northwestern region of China, 4 from the southwestern region of China, 7 from the central region of China, 5 from the northern region of China, 7 from the northeastern region of China and 1 from the eastern region of China. They represent almost the entire geographic distribution of P. simonii in China (see Table S1 available as Supplementary Data at Tree Physiology Online). CBF1 genomic sequences were then isolated from these 35 unique individuals using regular PCR. The primers used for the amplification of PsCBF1 are listed in Table S2 available as Supplementary Data at Tree Physiology Online. PCR amplification and sequencing were carried out as described in the section 'Isolation of CBF1 cDNAs from five Poplar species'. We then used ClustalW to conduct sequence alignments for 35 genomic sequences to discover SNPs. After filtering, seven common SNPs, with minor allele frequency ≥ 0.10, were selected and genotyped across all 528 DNA samples, using pyrosequencing (PyroMark Q96 ID, Qiagen).
Analysis of association between allelic variation and physiological traits
Genetic association tests, including linkage disequilibrium (LD) analysis, SNP-and haplotype-based associations, as well as false-discovery rate (FDR) correction, were performed following the method of Li et al. (2015b) . We determined three types of action of the SNP loci based on the ratio of dominance to additive effect (d/a): additive effects (|d/a| ≤ 0.5), partial or complete dominance (0.50 < |d/a| < 1.25), and under-or overdominance (|d/a| > 1.25). We calculated these ratios according to the algorithm and formulas as described in detail by Eckert et al. (2009) .
Analysis of PsCBF1 transcript levels among genotypic classes
To assess the effect of genotypic class on gene expression, we assessed transcript levels of PsCBF1 across three distinct genotypic classes for six significant markers, by RT-qPCR. Total RNA extraction and cDNA synthesis were performed, as described above. For each genotypic class, ten biologically independent individuals of approximately the same size were used. Each PCR amplification was repeated at least three times. Primers for the internal control UBIQUITIN and PsCBF1 are described in Table  S2 available as Supplementary Data at Tree Physiology Online. Relative expression levels were calculated using the 2 −ΔΔCT method. The statistical significance was tested by one-way ANOVA and the effect of genotypes classes on transcript abundance was then compared by Duncan's multiple range test using SPSS 17.0 (SPSS Inc., Chicago, USA).
Results
Isolation and characterization of CBF1s from five Populus species
We isolated CBF1 clones from five unique poplar species from four sections. Comparison of their genomic and cDNA sequences indicated that the CBF1 coding sequences lack introns. As shown in Table 1 , these five cDNA clones each encoded polypeptides of 231 amino acid residues, with
Tree Physiology Online at http://www.treephys.oxfordjournals.org estimated molecular masses of 25.7-25.8 kD. Theoretical pI values and GRAVY scores indicated the CBF1s all encode acidic hydrophilic proteins. Comparison of these five Populus CBF1s indicated that they share very high nucleotide sequence similarity (94.97-98.99% identity) and amino acid sequence similarity (93.07-98.27% identity) to each other (Table 2) . Populus CBF1s also had 51.65-53.14% nucleotide sequence identity to AtCBF1 and their encoded proteins had 49.14-51.71% amino acid sequence identity to AtCBF1. Like Arabidopsis CBFs, Populus CBF1s contain domains that are characteristic of CBF proteins, including a putative nuclear localization signal in the N-terminus, a conserved AP2 binding domain, and an acidic region in the C-terminus that functions in transactivation ( Figure 1 ) (Jaglo et al. 2001) . Also, we observed six hydrophobic clusters (HC1-6) in the C-terminus of poplar CBF1s, which have been also observed in Arabidopsis CBF1 (Wang et al. 2005) . However, the hydrophobic residues varied considerably between Populus CBF1 proteins and Arabidopsis CBF1, suggesting some potential functional divergence in transactivation.
Our result of the phylogenetic analysis showed that DREB1/ CBF family members probably diverged after differentiation of Populus and other plant species, but before differentiation of Populus spp. As shown in Figure 2 , DREB1/CBF family members from Arabidopsis, rice, Populus, Prunus mume, Medicago truncatula and Triticum aestivum were divided into six distinct groups. For the Populus CBFs, CBF1 orthologs from different poplar species clustered into a single subgroup, and CBF2 orthologs clustered into another subgroup. Our sequence and phylogenetic analysis indicated that the five poplar CBF1 cDNAs encode distinct orthologs of Arabidopsis CBF1.
Poplar CBF1s respond to abiotic stresses in a section-specific manner
To shed more light on the interspecific differences of CBF1s in stress responses, we assessed the transcript abundance of the five CBF1 orthologs from four poplar sections under drought, heat, cold and salt stress conditions. As shown in Figure 3 , CBF1s from all five species were globally induced under cold conditions and the transcript abundance patterns varied between sections. PeCBF1 was highly induced under all four abiotic stresses (P < 0.01) with peak PeCBF1 transcript levels under drought, heat, cold and salinity of 18.5-, 8.7-, 35.0-and 26.0-fold, respectively, relative to the control. PdCBF1 was considerably induced under heat, cold and salt (P < 0.01), with peak transcript levels 21.0-, 23.7-and 10.5-fold higher, respectively, relative to the control. PsCBF1 and PszCBF1 were significantly induced only in response to cold stress (P < 0.01), with peak transcript levels of 25.5-fold (24 h) and 19.0-fold (3 h) relative to the control. Like PeCBF1, PtCBF1 was significantly induced under all four stress conditions (P < 0.01), with peak transcript levels under drought, heat, cold and salinity, showing 6.0-, 4.0-, 17.5-and 5.0-fold increases, respectively, relative to the control.
Putative CBF1 target genes encode proteins involved in multiple biological processes and pathways
We hypothesize that upregulation of CBF1 transcript abundance translates into increased CBF1 protein levels, and that CBF1 subsequently upregulates expression of cold-responsive target genes. To shed light on the CBF1-mediated regulatory pathway in trees, we examined all annotated genes in the P. trichocarpa Table 2 . Coding region nucleotide (upper portion of matrix) and amino acid (bottom portion of matrix) sequence pairwise comparisons (% similarity) between CBF1 members from Populus and Arabidopsis thaliana. The CBF sequences and their GenBank accession numbers are: PeCBF1 from P. euphratica (KT757375), PszCBF1 from P. szechuanica var. Tibetica (KT757378), PsCBF1 P. simonii (KT757377), PtCBF1 from P. tomentosa (KT757379), PdCBF1 from P. deltoides (KT757376), and PtrCBF1 from P. trichocarpa (XP_002299565.1); from Arabidopsis thaliana: AtCBF1 (AT4G25490.1), AtCBF2 (AT4G25470.1), and AtCBF3 (AT4G25480.1). The total number of amino acids for each protein is indicated at the end of its sequence. The hydrophobic clusters (HC 1-6), which contain strong and moderate hydrophobic residues (V, I, L, F and M, W, Y, A, respectively), are indicated with a single line above the sequence.
Figure 2. Phylogenetic relationships of Populus CBF1 and CBF/DREB proteins from other plants, using the AtAP2 (AT4G36920.1) from Arabidopsis thaliana as the outgroup. The 56 proteins aligned include 13 CBFs from Populus: PeCBF1 (KT757375) from P. euphratica, PdCBF1 (KT7573756) from P. deltoides, PsCBF1 (KT7573757) from P. simonii, PszCBF1 (KT7573758) from P. szechuanica var. Tibetica, PtCBF1 (KT7573759) from P. tomentosa and three CBFs from P. trichocarpa, PtrCBF1 (XP_002298067.2), PtrCBF2 (XP_002299565.1), and PtrCBF4 (ABP64695.1); six CBFs from Arabidopsis thaliana: AtCBF1/AtDREB1B (AT4G25490.1), AtCBF2/AtDREB1C (AT4G25470.1), AtCBF3/AtDREB1A (AT4G25480.1), AtCBF4/ AtDREB1D (AT5G51990.1), AtDDF1 (AT1G12610.1), AtDDF2 (AT1G63030.1); ten CBFs from rice: OsDREB1A (Os09t0522200-01), OsDREB1B (Os09t0522000-01), OsDREB1C (Os06t0127100-01), OsDREB1D (Os06t0165600-01), OsDREB1E (Os04t0572400-00), OsDREB1F (Os01t0968800-00), OsDREB1G (Os02t0677300-02), OsDREB1H (Os09t0522100-00); OsDREB1I (Os08t0545500-00) and OsDREB1J (Os08t0545500-00); nine CBFs from Prunus mume: PmCBFa (ADF43031.1), PmCBFb (ADF43034.1), PmCBFc (ADF43035.2), PmCBFd (ALN49371.1), PmCBFe-1 (ALN49372.1), PmCBFe-2 (ALN49373.1), PmCBFg (ALN49375.1), PmCBFi (ALN96412.1), PmCBFj (ALN96413.1); ten CBFs from Medicago truncatula: MtCBF3 (AGR40676.1), MtCBF14 (AGR40674.1), MtCBF2 (AGR40683.1), MtCBF11 (AGR40680.1), MtCBF12 (AGR40679.1), MtCBF9 (AGR40688.1), MtCBF8 (AGR40691.1), MtCBF7 (AGR40693.1), MtCBF6 (AGR40695.1), and MtCBF5 (AGR40697.1); and seven CBFs from Triticum aestivum: TaDREB3A (AAX13277.1), TaDREB3B (AAX13278.1), TaDREB4B (AAX13283.1), TaDREB4C (AAX13284.1), TaDREB5A (AAX13286.1), TaDREB5B (AAX13287.1), TaDREB5C (AAX13285.1).
Tree Physiology Online at http://www.treephys.oxfordjournals.org genome and identified target genes that contain the DREDR1ATRD29AB-motif in their promoter regions. This in silico analysis, which identifies putative CBF binding sites, but cannot distinguish binding sites of CBF1 from other CBFs, identified 2263 putative CBF target genes (see Table S3 available as Supplementary Data at Tree Physiology Online). Among these, 1198 genes were annotated with unique GO terms in three ontologies (P < 0.05), with 1-12 GO terms assigned for each putative target and 888 targets annotated with two or more GO functional categories. GO analysis indicated that these putative target genes mainly are involved in carbohydrate metabolic process and ion transport process and have important molecular functions in catalytic activity and glycosyl transition. As shown in Figure 4 , for the ontology of biological process, the most highly enriched functional category was carbohydrate metabolic process (74), followed by cellular carbohydrate metabolic process (38), ion transport (37) and cation transport (36). For the ontology of molecular function, the most highly enriched functional category was catalytic activity (623), followed by transferase activity, transferring glycosyl groups (48) and transferase activity, transferring hexosyl groups (40). For the ontology of cellular component, the most highly enriched functional category was external encapsulating structure (19), followed by ubiquitin ligase complex (14) .
KEGG pathway analysis indicated that there were 281 putative targets involved in 192 unique pathways (Table 3) . These pathways include metabolic pathways, biosynthesis of secondary metabolites, biosynthesis of antibiotics, microbial metabolism in diverse environments, ribosome, oxidative phosphorylation Heat (H) stress was induced by exposing the plants to 42°C for 3, 6 and 24 h. Cold (C) stress was induced by exposing the plants to 4°C for 3, 6 and 24 h. Salt (S) stress was induced by soaking plants in 200 mM NaCl for the indicated times. The treated plants were then transferred to pots and maintained in the greenhouse for 24 h to recover from the stresses of D, H, C and S; recovered plants are denoted as Re-D, Re-H, Re-C and Re-S, respectively. As controls, untreated samples were used. The statistical significance of differences in transcript abundance of CBF1s between treated and control samples was compared using one-way analysis of variance (ANOVA). Data are the means ± SD of three replications. *P < 0.01, **P < 0.001.
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and protein processing in endoplasmic reticulum, plant hormone signal transduction, carbon metabolism and others.
Cold-responsive promoters contain elements that are involved in other signaling pathways
To provide a deeper understanding of the complexity of the interactions between different biological processes and signaling pathways involving the cold-inducible genes, we analyzed the cis-acting elements in promoter regions of all the putative CBF target genes, disregarding the TATA-box and CAAT-box. We identified 366 cis-acting elements from the 2263 putative target genes of CBF1 (see Table S4 available as Supplementary Data at Tree Physiology Online). The elements occurred from 1 to 182 times in the promoter of a single target gene and from 1 to 156,337 times in the promoters of all target genes. The core DREDR1ATRD29AB-motif occurred from one to five times in the promoters of a single putative gene, for a total occurrence of 2569 times in the promoters of all putative genes.
The upstream regulatory elements identified mainly are involved in the light response, metabolic regulation, abiotic stress response, biotic stress and wounding response, as well as organ/tissue-specific gene expression (see Table S5 available as Supplementary Data at Tree Physiology Online). The identified light-responsive elements mainly participated in the response to light quantity and quality (e.g., IBOX and GBOX LERBCS), and circadian rhythm control (e.g., CIACADIANLELHC and EVENINGAT). The metabolic regulation-related elements mainly participated in responses to hormones, such as auxin (e.g., AUXRETGA1GMGH3), gibberellin (e.g., GAREAT), abscisic acid (e.g., ABREATCONSENSUS), ethylene (e.g., ERELEE4) and Figure 4 . Functional category of putative target genes of CBFs identified in the Populus trichocarpa genome. Among 2263 putative target genes, 1198 were annotated with unique GO terms in three ontologies (P < 0.5). Carbohydrate metabolic process and cellular carbohydrate metabolic process were two most enriched GO terms for the ontology of biological processes. Catalytic activity and transferase activity were two most enriched GO terms for the ontology of molecular function. External encapsulating structure and ubiquitin ligase complex were two most enriched GO terms for the ontology of cellular component. The GO enrichment analysis was performed for all putative target genes identified using the Agrigo database (http://bioinfo.cau.edu.cn/ agriGO/), based on the P. trichocarpa v3.0 annotation.
Tree Physiology Online at http://www.treephys.oxfordjournals.org sugar (e.g., SREATMSD). The abiotic stress response elements mainly participated in responses to heat stress (e.g., HSE), cold, drought and osmotic stress (e.g., LDRECRTCOREAT), as well as oxidative stress (e.g., ANAERO1CONSENSUS) among others. The biotic stress and wounding response elements mainly respond to global signals of defense gene expression, such as salicylic acid (e.g., TCA1MOTIF), jasmonic acid (e.g., JASE1ATOPR1), and various bacterial (e.g., WBBOXPCWRKY1) and fungal elicitors (e.g., WBOXATNPR1). Elements involved in organ-specific regulation and development mainly participated in specifying gene expression in certain organs or tissues, such as mesophyll (e.g., CACTFTPPCA1), vascular cells (e.g., ACIPVPAL2), pollen (e.g., POLLEN1LELAT52) and seed (e.g., ACGTSEED2).
Ten putative CBF target genes in P. simonii were induced by multiple abiotic stresses
To determine whether putative CBF target genes identified using this in silico approach are responsive to the same abiotic stresses that CBF1 responds to, we selected orthologs of 10 target genes in P. simonii (PsT1-PsT10, Table 4 ) and examined their response pattern under cold, heat, drought and salt stresses. We selected P. simonii mainly due to the specific induction of PsCBF1 in response to cold (Figure 3 ). These ten selected 1 Number of genes in our study included in the pathway.
Tree Physiology Online at http://www.treephys.oxfordjournals.org target genes showed increased transcript abundance in response to multiple abiotic stresses, including salt tolerance low temperature, salt, heat shock and drought. As shown in Figure 5 , expression profiling indicated that the target genes were globally and considerably induced by cold (P < 0.01); e.g., PsT4-PsT7 and PsT9 showed peak induction of 25-to 30-fold compared with controls. In addition, PsT6 and PsT8 were highly induced by drought (16-fold) and salt (25-and 20-fold), and PsT10 was significantly induced by heat (14-fold). Notably, transcripts of all ten selected genes reached maximal levels at 24 h or more of cold exposure, almost at the same time as or later than that of PsCBF1.
Significant association of PsCBF1 with MDA and electrolyte leakage in response to cold
To assess the physiological significance and elucidate the related molecular regulatory mechanisms, we examined the SNP diversity of PsCBF1 and checked the relationship between PsCBF1 and physiological and biological traits using a candidate gene-based association approach.
Prior to association analysis, 35 independent genotypes from the natural population were sequenced to discover SNPs. All 35 sequences have been deposited in the NCBI GenBank database (Accession Nos. KT757380 to KT757414). After sequence alignment, we identified 56 candidate SNPs in 35 samples over 823 bp of DNA, at a frequency of approximately one SNP per 15 bp. Of the SNPs, 42 occurred in the coding region, including 9 synonymous and 33 non-synonymous mutations (Table 5) . Generally, PsCBF1 showed high nucleotide diversity, with π T = 0.00699 and θ w = 0.01652. The π nonsyn /π syn ratio of 1.18 in the coding region, >1.0, indicated that natural selection greatly contributed to the diversity at the non-synonymous sites.
Seven common SNPs (SNP1-SNP7) were then genotyped across the association population of 528 individuals (see Table S6 available as Supplementary Data at Tree Physiology Online). The genotyping data indicated that the average pairwise linkage disequilibrium was low (r 2 = 0.22). Also, PsCBF1
has two distinct haplotype blocks, the first one consisting of SNP2-SNP4 (r 2 = 1, P < 6.951 E-12, Q < 5.654 E-9), and the second consisting of SNP5 and SNP6 (r 2 = 8.288E-1, P = 4.624 E-44, Q < 3.562 E-42). Within each block, the LD value between the SNPs was high (r 2 > 0.80), and accordingly it was much lower within each block than between the blocks (r 2 < 0.20) (see Figure S1 available as Supplementary Data at Tree Physiology Online). We conducted 70 (7 × 10) association tests, involving seven common SNPs and ten physiological and biochemical traits measured under cold stress. The seven selected SNPs were each genotyped in the 528 individuals, and the ten traits were also phenotyped in the 528 individuals after a 48-h cold exposure. After correction for FDR, we observed six significant associations (P < 0.05, Q < 0.10). They represented six unique SNPs (SNP1, 3, 4-7) and two physiological traits (MDA content and electrolyte leakage) (Figure 6 ). These six markers explained 3.46-3.80% of variance for each corresponding trait (Table 6) . Among these markers, SNP3-6 are in the coding region and SNP4, SNP5 and SNP6 cause predicted amino acid changes. For SNP4, the T allele is the derived state and causes a proline (Pro) → serine (Ser) substitution. For SNP5, the G allele is derived from the T allele, and results in a phenylalanine (Phe) → cysteine (Cys) substitution. For SNP6, the A allele is the derived state and causes a phenylalanine (Phe) → tyrosine (Tyr) substitution.
All five markers that associated with MDA content showed models of gene action consistent with non-additive effects (Table 5 ). For SNP1, SNP4 and SNP6, the mean MDA contents across genotypic classes indicated over-or under-dominance effects (|d/a| ≥ 1.25). For example, heterozygous carriers of SNP1 had significantly higher MDA contents on average than either homozygous carrier (18.72 ± 5.21 for CC, 19.48 ± 5.16 for CT, 16.25 ± 4.39 for TT). SNP3 and SNP7 showed patterns of gene action consistent with partially or fully dominant effects. For example, the A allele of SNP3 is the minor allele and genotypes containing this allele had significantly lower MDA contents on average (P < 0.05) than genotypes containing the major allele C. In addition, electrolyte leakage, a measure of membrane permeability, was significantly Table 4 . Information about 10 selected target genes of CBF1 in Populus trichocarpa.
Gene
Gene model ATG gene model Function annotation
PsT1
Potri.001G044500 AT1G80840 WRKY family transcription factor PsT2
Potri.016G052700 AT3G57670 C2H2-type zinc finger family protein PsT3
Potri.001G173200 AT1G52690 Late embryogenesis abundant (LEA) hydroxyproline-rich glycoprotein family PsT4
Potri.014G166800 AT5G35790 Glyceraldehyde-3-phosphate dehydrogenase B subunit PsT5
Potri.005G212000 AT2G48140 Bifunctional inhibitor/lipid-transfer protein/seed storage 2 S albumin superfamily protein PsT6
Potri.005G002100 AT3G05880 Low temperature and salt responsive protein family PsT7
Potri.016G108900 AT3G54050 Phosphoric ester hydrolase activity PsT8
Potri.008G166700 AT3G23250 Myb domain protein PsT9
Potri.009G085400 AT1G44910 Pre-mRNA-processing protein PsT10
Potri.010G082000 AT3G22830 Heat shock transcription factor
Tree Physiology Volume 37, 2017 associated with SNP5. Heterozygotes for SNP5 also had significantly higher MDA contents on average than either homozygous carrier, consistent with the under-dominance model of gene action (16.86 ± 1.92 for TT, 15.66 ± 2.32 for TG, 16.81 ± 2.10 for GG) (see Table S7 available as Supplementary Data at Tree Physiology Online). Data are the means ± SD of three replications. Different lowercase letters indicate significant differences at P < 0.05, using ANOVA followed by Duncan's multiple range tests.
Tree Physiology Online at http://www.treephys.oxfordjournals.org
Transcript abundance of CBF1 across genotypic classes
To examine the effect of significant SNP markers on PsCBF1 expression, we measured transcript levels of PsCBF1 among three genotypic classes for each of six significant markers. In general, PsCBF1 transcript abundance for all six markers inversely reflected the phenotypic mean of both MDA content and electrolyte leakage (Figure 6a and b) . For example, heterozygous carriers of SNP4 showed significantly lower MDA contents on average than either homozygous carrier (see Table S7 available as Supplementary Data at Tree Physiology Online), whereas they had significantly higher PsCBF1 transcript levels (7.18 ± 0.64 for CC, 9.53 ± 1.06 for CT, 9.12 ± 0.94 for TT).
Similarly, SNP5 heterozygotes showed significantly lower mean electrolyte leakage and significantly higher expression of PsCBF1 (P < 0.05; 5.56 for TT, 7.62 for TG and 5.68 for GG).
Discussion
We examined the expression, putative target genes and specific physiological significance of the TF gene CBF1 under cold conditions in Populus. Poplar CBF1 orthologs showed a conserved cold-sensitivity and their varied patterns of transcript abundances under cold, heat, drought and salt conditions might be reflective of section-specific adaptations. In addition, we P-value = the significance level for the association (the significance threshold is P ≤ 0.05); R 2 = percentage of phenotypic variance explained; Q-value = correction for multiple testing [false discovery rate FDR (Q) < 0.10]; ns = non-synonymous polymorphism; s = synonymous polymorphism. 1 Calculated as the difference between the phenotypic means observed in each homozygous class (2a = |G BB − G bb |, where G ij is the trait mean in the ijth genotypic class). 2 Calculated as the difference between the phenotypic mean observed in the heterozygous class and the average phenotypic mean across both homozygous classes [d = G Bb − 0.5(G BB + G bb ), where G ij is the trait mean in the ijth genotypic class]. 3 σ p , Standard deviation for the phenotypic trait under consideration.
identified 2263 putative targets of poplar CBFs. These targets were mainly enriched in metabolic process and cellular process and/or have function in binding and catalytic activity. Most of them were assigned to multiple GO annotated functions. Various cis-acting elements in promoter regions may contribute to the functional versatility of these targets. Finally, association analysis indicated that PsCBF1 specifically affected MDA content and electrolyte leakage. Taken together, our findings suggest that increased expression of CBF1 could coordinately trigger expression of a series of targets, involved in multiple biological processes, possibly depending on the various regulatory elements in each target, and evoking physiological changes in MDA content and electrolyte leakage.
Globally induced CBF1 expression in response to cold stress Arabidopsis CBF1 can be induced by cold and functions in coldresponsive gene expression (Sakuma et al. 2002) . PtCBF1, identified from the Populus balsamifera subsp. trichocarpa genome sequence, was also cold-inducible (Benedict et al. 2006) . Our results showed that poplar CBF1s were globally and strongly induced by cold stress for all five tested Populus species. The transcript abundance of CBF1s in response to abiotic stresses indicates conserved cold-sensitivity of the CBF1s among woody poplar species and herbaceous Arabidopsis. The conserved AP2 domain and CBF-specific regulatory elements of CBF genes between Populus and Arabidopsis supported this conservation.
Arabidopsis CBF1s have been reported to be only inducible by low temperature and abscisic acid; in this study, poplar CBF1s were induced by a variety of abiotic stresses. In fact, previous studies have reported that, for most CBF members, the transcript abundance pattern among woody poplar species and Arabidopsis was not exactly the same in response to abiotic stresses. For example, Arabidopsis CBF1-3 are mainly induced by cold stress and function in cold-responsive gene expression (Sakuma et al. 2002) . However, Vitis CBF1-3 were all induced by cold, drought and exogenous abscisic acid (ABA) treatment (Xiao et al. 2006) . Also, Populus orthologs of Arabidopsis CBF2 were all induced by cold, heat, drought and high-salinity (Li et al. 2015b ). In addition, Arabidopsis CBF4 was involved in response to drought stress and ABA treatment, but not to low temperature (Haake et al. 2002) . Transcripts of Populus CBF4 orthologs accumulated under cold, heat, drought and high-salinity conditions (Li et al. 2015a) . In contrast to Arabidopsis, perennial woody plants such as poplar encounter various kinds of abiotic stresses throughout their lifetimes, and many times multiple stress factors occur together in various combinations. The broad responsiveness of poplar CBF1 could help present an integrated response to these various stresses. These findings enhance our understanding of how this multifunctional protein family evolved its key roles.
Variable responses of CBF1s may be responsible for section-specific stress tolerances Our results showed that extensive variation in CBF1 expression exists among poplar sections. The transcript profiles differed between species, as PeCBF1 of section Turanga and PtCBF1 of section Leuce were induced by all four stresses. By contrast, PdCBF1 of section Aigeiros was strongly induced by heat and PsCBF1 and PszCBF1, of section Tacamahaca, were highly induced only by cold (Figure 3) . We hypothesize that these differences reflect section-specific responses to these abiotic stresses.
The distinctive transcript profiles of these three CBF1 orthologs seemed to be inconsistent with their evolutionary relationship between sections. For example, species in section Turanga and Tacamahaca are more closely related to each other than either is to species in section Leuce (Cervera et al. 2005) , but transcript abundance patterns of PeCBF1 and PtCBF1 were more similar to each other than either was to that of PsCBF1. The divergence in responses between CBF1 orthologs might be related to ecological context and could reflect section-specific stress tolerance. For example, P. euphratica naturally grows at the edge of barren or semi-barren deserts worldwide, and has high tolerance to salinity, drought and extreme temperatures (Chen et al. 2000 , Bogeat-Triboulot et al. 2007 . P. deltoides is mainly distributed in warm regions in the subtropical zone along the river valleys, and it has good tolerance and resistance to heat, cold and salt. P. simonii and P. szechuanica var. Tibetica mainly occur on flood-prone, sandy land in North and Northeast China at higher latitudes, and both species have high tolerance to cold and salt.
Ecological contexts have evident effect on the divergence of gene expression. Much of the variation in gene expression among individuals or species that arose from particular environmental conditions is heritable (Stamatoyannopoulos 2004, Gibson and Weir 2005) . Whitehead and Crawford (2006) further demonstrated that characters that are variable and heritable are likely attributed to both neutral drift and selection. Our study did not show greater divergence in expression patterns with greater divergence among sections or species. In contrast, expression divergence among sections tended to depend on native ecological conditions. For example, PeCBF1 and PtCBF1 were all significantly induced by four abiotic stresses (P < 0.01, Figure 3 ), but PeCBF1s were typically induced in response to cold, salinity and drought, correlated with the native ecological conditions for P. euphratica, which naturally grows at the edge of barren or semi-barren deserts; while PtCBF1s were typically induced by cold, drought and salinity, correlated with the native ecological conditions for P. tomentosa, which mainly occurs in the cooler areas of North China along mountain ridges. Based on this discovery, we proposed that variation in CBF1 expression is subject to natural selection much more than neutral drift.
Many genes are responsible for cold tolerance, with most accounting for a small percentage of the effects on stress tolerance. Our previous results also indicated that transcript levels of CBF4 and CBF2 orthologs were mostly uncorrelated with tolerance to cold stress (Li et al. 2015a (Li et al. , 2015b . However, in our present study, variation in transcript levels of poplar CBF1 orthologs largely reflected interspecific tolerance under multiple abiotic stress conditions. This suggests a major role of CBF1 in the development of abiotic stress tolerance in poplar.
Our findings provide a new perspective on CBF1 function in response to abiotic stress in poplar. Notably, P. simonii and P. szechuanica var. Tibetica of section Tacamahaca (Li et al. 2005) showed similar stress response patterns. The evolutionary relationship may affect the response of CBF1s of section Tacamahaca in poplar. Identification and analysis of more CBF1s of section Tacamahaca will help us understand the role of CBF1s in the development of stress tolerance in poplar.
Involvement of putative CBF target genes in multiple biological processes and pathways Allahverdiyeva et al. (2015) demonstrated the existence of shared regulators can help plants balance growth, development and energy generation under stress conditions. Many previous studies established that CBFs had a combined effect on photosynthesis, development and stress acclimation. Gilmour et al. (2000) showed that overexpression of CBF3 in transgenic Arabidopsis plants affected vegetative growth, time to flowering, proline and sugar metabolism, as well as freezing tolerance. Our result of GO analysis indicated that 1198 of the putative targets of CBF were assigned to 485 distinct GO terms (see Table S3 available as Supplementary Data at Tree Physiology Online) and KEGG pathway analysis showed that 281 of them act in 192 unique pathways, including metabolic pathways, sugar metabolism, plant hormone signal transduction, circadian rhythm, lipid metabolism and others (Table 3 ). In addition, our RT-qPCR results indicated that all 10 tested targets (PsT1-PsT10) can be inducible by heat, drought and salt in addition to cold. Together, these results indicate that at least a subset of the putative CBF targets identified in silico have expression patterns consistent with being regulated by CBF1. These results also indicate that CBFs could participate in regulating multiple biological processes and pathways. Possibly, poplar CBF TFs could function as shared regulators in an integrated regulatory network to cope with different environmental cues by activating expression of downstream components.
Previous results showed that the presence of regulatory elements implies abundant recognition sites for versatile transcriptional regulators Ma and Bohnert (2007) . In the present study, most of the 2263 candidate targets contained a combination of regulatory elements that respond to different environmental and endogenous signals. Also, our qPCR data showed that the putative target PsT8, which contained a Myb-like DNA-binding motif, showed high transcript levels in response to both cold and salt; and PsT10, containing the HSE promoter element, was considerably induced in response to heat. The presence of diverse regulatory elements might contribute to the versatile function of target genes.
Among the putative targets, fifteen have already been identified to be cold-regulated in white poplar (Maestrini et al. 2009 ) and another nine were identified as up-regulated by ectopic AtCBF1 expression in transgenic poplar plants (Benedict et al. 2006) . The identification of only a few targets may be partly because previous studies scanned for DRE elements within 1000 or 1500 bp upstream of the translation start site. By contrast, we scanned for elements within the 2000 bp upstream of the transcription start site. Also, the putative CBF1 targets identified in previous reports included genes that contained the LTRE element (CCGAC), whereas we strictly determined putative target genes as those that contained the DREDR1ATRD29AB element. Also, some genes may be absent from our list because of the absence of DRE/CRT-motif within the extracted sequence due to incomplete sequencing.
Finally, it is worth mentioning that the in silico study conducted here cannot distinguish putative targets of poplar CBF1 from those of other CBF members. Targeted studies are required to explore the preferences and specificity in targeting downstream genes for different poplar CBF family members, such as microarray, ChIPSeq or RNA-Seq data collected from abiotic stress-treated transgenic poplar plants overexpressing distinct CBF members.
Specific effect of CBF1 on membrane-related physiological traits
In the present study, GO analysis indicated that most of the 2263 putative CBF targets participate in metabolic and cellular processes that plants depend on to adapt to or survive abiotic stress, and to decrease or repair damage to molecules or cells (Kishor et al. 1995 ). This indicated a potential role of CBF1 in the control of the abiotic stress regulatory network. We then conducted a candidate gene-based association approach to detect significant physiological changes through which PsCBF1 could affect cold stress tolerance. In our study, six non-synonymous markers (SNP1, 3-4 and SNP6-7) and one synonymous marker (SNP5) were significantly associated with MDA and electrolyte leakage, respectively. High nucleotide diversity and low LD across PsCBF1 supported the reliability of the SNP-and haplotype-based association mapping. These results indicated the specific physiological significance of PsCBF1 in the cold signaling pathway.
In plants, the lipid membrane acts as an important line of defense and plays important roles in signal transduction during defense responses. MDA content and electrolyte leakage are biological markers for membrane oxidative stress (Bichile 1994 , Diamant et al. 2001 . The higher the MDA content and electrolyte leakage, the more severe the oxidative stress. Thus, lower MDA content and electrolyte leakage imply higher stress tolerance in the plant. In addition, for all significant markers, the PsCBF1 transcript abundance across different genotypic classes inversely reflected the phenotypic mean of physiological traits, suggesting a role for PsCBF1 in determining the MDA content and electrolyte leakage. Notably, we showed that some of the putative CBF1 target genes have annotations related to compatible solute transport and membrane-lipid interactions. From these results, we hypothesize that PsCBF1 mediates expression of genes that play specific roles in protein targeting, signal transduction, transmembrane transport and the stability of cell and membranes under stress conditions.
Our SNP studies showed that the different alleles of PsCBF1 were associated with differences in key physiological traits. We ascribed these physiological changes to the altered activity of PsCBF1 on its target genes. For example, four of the markers (SNP3-6) alter the PsCBF1 coding region, outside of the conserved AP2 domain and the putative nuclear localization signal. Two of them (SNP5-6) affect the C-terminal transcription activation region, and the other two affect the N-terminal region. SNP5, in the HC1 cluster, changed a polar, non-charged residue (C) to a strongly hydrophobic residue (F); SNP6, in the HC5 cluster, changed a strongly hydrophobic residue (F) to a moderately hydrophobic residue (Y). Hydrophobic amino acids constitute functional elements in acidic transcriptional activation domains. In Arabidopsis, three hydrophobic clusters in CBF1 C-terminus accounted for 93% of its total transcriptional activation activity (Wang et al. 2005) . It is possible that hydrophobicity changes in HC1 and HC5 of PsCBF1 altered its activity or efficiency for trans-activation, inhibiting or increasing expression of target genes in the cold regulation network. Two SNPs in the untranslated region may affect PsCBF1 expression.
Interestingly, our findings, together with previous association results for other DREB/CBFs, suggest roles each member in membrane protection in response to cold, and also hint at functional redundancy. For example, PsCBF2 was significantly associated with the activities of POD and PAL, which scavenge reactive oxygen species, suggesting a role of PsCBF2 in antioxidant protection (Li et al. 2015b) . PsCBF4 was associated with carotenoid and chlorophyll B content, suggesting a regulatory role in photosynthesis (Li et al. 2015a ). In addition, PsCBF1, together with PsCBF2 and PsCBF4, were all associated with MDA content or electrolyte leakage, suggesting a role of CBFs in membrane protection. Maintaining the integrity and fluidity of membranes is of fundamental importance for plants to survive low temperature stress (Wallis and Browse 2002) . Miquel et al. (1993) reported that the leaves of Arabidopsis fad2 mutants, which contain reduced levels of polyunsaturated fatty acids, gradually deteriorate, and eventually the whole plants were inviable after transferring to 6°C; while these mutants showed growth characteristics that were very similar to wild type at 22°C. Our GO analysis also showed that 166 putative target genes were assigned to 24 unique membrane-related GO terms, including intrinsic to membrane, integral to membrane, transmembrane receptor activity, transmembrane transport and transmembrane transporter activity. Arabidopsis transcriptome profiling also indicates that CBFs regulate the expression of genes involved in membrane transport (Fowler and Thomashow 2002) . This suggested that PsCBF1 may regulate membrane-related processes under cold-stress conditions.
Conclusions
In conclusion, we showed that cold-sensitivity of CBF1 orthologs was conserved between poplar species. The species-specific response pattern of CBF1s under the four tested stresses might reflect adaptive differences to these stresses between sections. We also identified many potential novel downstream targets of poplar CBFs that may have roles in the regulation of metabolic and cellular processes under cold conditions. In silico identification of additional DNA regulatory elements suggests cross-talk between cold and other stresses in regulating some of these genes. Finally, the significant association of SNPs with MDA and electrolyte leakage suggests that PsCBF1 may contribute to membrane-related physiological changes. Our findings will enable further resolution of the functional roles of CBF1s in stress-responsive regulatory networks in poplar.
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